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METHOD AND APPARATUS FOR PRODUCING VCSELS WITH DIELECTRIC 
MIRRORS AND SELF-ALIGNED GAIN GUIDE 

Field of the Invention 

5 The invention relates generally to vertical cavity surface emitting lasers 

(VCSELs) and methods for producing these lasers. More specifically, the invention 
relates to methods for the fabrication of low resistance, small diameter, low threshold 
current laser devices. 



10 Background of the Invention 

Reducing electrical resistance and threshold current is of primary importance in 
producing highly efficient and reliable vertical cavity surface emitting laser (VCSEL) 
devices. 



15 The electrical resistance of a VCSEL can be lowered by reducing the resistance of 

the materials used to fabricate the VCSEL. The physical structure of the VCSEL can also 
be optimized to reduce resistance by altering the width and length of the conduction path. 

A large portion of the overall electrical resistance of the VCSEL may be attributed 
20 to the semiconductor distributed Bragg reflectors (DBR) used as the input and output 

mirrors of the laser cavity. One means of reducing resistance of the DBR components is 

to replace the top semiconductor DBR mirror with a dielectric thin film DBR. 

Structurally, this situates a dielectric thin film close to the active region of the device. 

This approach raises concern because of the difference in coefficients of thermal 
25 expansion between the dielectric thin film and the other materials used in the VCSEL. 

The difference in coefficients of thermal expansion causes strains between the materials 

and can complicate fabrication processes and device operation. 



30 



Threshold current may be reduced by reducing the diameter of the VCSEL 
aperture. A smaller diameter VCSEL aperture has a relatively lower threshold current 
when compared to devices with larger diameter VCSEL apertures. VCSEL aperture 
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diameter is largely dependent on the means by which the current confining aperture is 
fabricated. Small diameter apertures are often difficult to fabricate with ion implantation 
techniques because of proton straggle. The phenomena of "straggle" results from the 
scatter of protons through the crystal lattice of conventional semiconductor DBRs. 
5 Smaller devices also have more critical alignment tolerances, which, in turn, are 
dependent on available photolithographic processes. 

Two exemplary patents which disclose VCSEL devices are Mori et al., U.S. 
Patent Nos. 5,537,666 and 5,587,335. Mori et al. teach the fabrication of laser devices by 
10 the sequential formation of semiconductor layers, including a multi-layer semiconductor 
mirror, a cladding, and an active layer on a substrate through organic metal vapor growth 
processes. However, Mori et al do not address the problems of VCSELs beyond those 
solutions discussed above. 

15 As a result, there remains a need for processes and resulting devices that reduce 

electrical resistance and threshold current. 

Summary of the Invention 

The following summary of the invention is provided to facilitate an understanding 
20 of some of the innovative features unique to the present invention, and is not intended to 
be a full description. A full appreciation of the various aspects of the invention can be 
gained by taking the entire specification, claims, drawings, and abstract as a whole. 

In accordance with the invention, there is provided a method of fabricating a laser 
25 including the steps of: depositing a photoresist on the substrate, patterning the 

photoresist to form an aperture area, depositing a dielectric material on the patterned 
photoresist, depositing a liftoff layer on the dielectric material, removing portions of the 
dielectric material and liftoff layer that border the aperture area, implanting regions of the 
substrate bordering the aperture area, and depositing a metal layer on the substrate. 

30 
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In accordance with another aspect of the invention there is provided a laser 
including: a substrate comprising epitaxial layers and an aperture area, a dielectric mirror 
formed on top of the aperture area, and an implanted region within the substrate, the 
implanted region bordering the aperture area. 

5 

The invention provides a small diameter, low threshold current VCSEL with 
reduced resistance in the top DBR. At least 90% of the top semiconductor DBR is 
replaced by a dielectric mirror fabricated over only the output aperture of the VCSEL. 
Device current has only to pass through a few layers of the high resistance semiconductor 
10 DBR. The real extent of the dielectric mirror is never larger than the laser aperture 

throughout fabrication. As a result, a minimum amount of stress is exerted on the device. 

At the same time, the invention provides an aligned gain guide while at the same 
time limiting photolithography steps. Implant straggle is also reduced as most of the top 
15 semiconductor DBR material has been eliminated. As a result, a lower energy implant 
can be used, allowing for the previously deposited dielectric mirror to function as a self- 
aligned implant mask. The result is potentially a smaller current confining aperture. 

In accordance with one aspect of the invention, a partially fabricated VCSEL type 
20 epitaxial laser structure is fabricated in a substrate using Molecular Beam Epitaxy (MBE) 
or Metal Organic Vapor Chemical Deposition (MOVCD). A photoresist is applied to the 
substrate and developed to form the design for the VCSEL. The dielectric layer is then 
deposited over the substrate. Lift-off steps remove the portion of the dielectric material 
not positioned over the aperture of the partially fabricated VCSEL. The substrate is then 
25 subjected to ion implantation, or other confinement technique, at a level sufficient to 
provide a current confining area near the VCSEL active region. An alternative 
confinement technique suitable for use in the present invention is disclosed in U.S. Pat. 
No. 5,903,588 (Guenter et al.), which is incorporated by reference thereto. The dielectric 
mirror acts as an ion implant mask, keeping the area directly below the mirror (the lasing 
30 area of the VCSEL) free from implant damage. The dielectric mirror functions as an 
implant mask because the implant energy is low. Lower implant energies can be used 

3 
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because of the use of the dielectric mirror, which allows for the reduced thicknesses of 
the device. 

The novel features of the present invention will become apparent to those of skill in 
5 the art upon examination of the following detailed description of the invention or can be 
learned by practice of the present invention. It should be understood, however, that the 
detailed description of the invention and the specific examples presented, while indicating 
certain embodiments of the present invention, are provided for illustration purposes only 
because various changes and modifications within the scope of the invention will become 
10 apparent to those of skill in the art from the detailed description of the invention and claims 
that follow. 

Brief Description of the Figures 

The accompanying figures, in which like reference numerals refer to identical or 
15 functionally-similar elements throughout the separate views and which are incorporated in 
and form part of the specification, further illustrate the present invention and, together with 
the detailed description of the invention, serve to explain the principles of the present 
invention. 

20 FIG. 1 represents a vertical cross section of a vertical cavity surface emitting laser 

(VCSEL). 

FIG. 2 represents a vertical cross section of a vertical cavity surface emitting laser 
(VCSEL) in accordance with one aspect of the invention. 

25 

FIGs. 3 through 10 illustrate a fabrication method and resulting device in 
accordance with one aspect of the invention. 

It should be understood that the drawings are not necessarily to scale and that the 
30 embodiments are illustrated using graphic symbols, phantom lines, diagrammatic 
representations and fragmentary views. In certain instances, details which are not 

4 
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necessary for an understanding of the present invention or which render other details 
difficult to perceive may have been omitted. It should be understood, of course, that the 
invention is not necessarily limited to the particular embodiments illustrated herein. 

5 Detailed Description of the Preferred Embodiment 

While FIGs. 1 through 10 represent single devices, it should be understood that 
numerous devices can be fabricated on a substrate, for example, in an array arrangement. 
Additionally, it should be understood that FIGs. 1 through 10 are sectional views, 
therefore illustrations depicted in FIGs. 1 through 10 can extend into and out of the 
10 drawings. 

FIG. 1 depicts a VCSEL 100 of the prior art. As shown in FIG. 1, the VCSEL 
100 includes a number of elements: substrate 12, and epitaxial layers 19, which 
comprises a bottom stack of semiconductor distributed Bragg reflectors (DBR) 101, a top 
15 semiconductor DBR stack 102, and an active region 103. Light output 104 is 

perpendicular to the substrate 12 and is emitted from VCSEL 100 from the laser area 13\ 

VCSEL 100 is fabricated by growing epitaxial layers 19 on the substrate 12. 
First, bottom semiconductor DBR stack 101 is grown. For example, bottom 

20 semiconductor DBR stack 101 can be made of pairs of alternating layers of aluminum (x) 
gallium (1 _ x) arsenide where each of the layer pairs is of a distinct x- value. Generally, the 
bottom semiconductor DBR stack 101 is doped. Active region 103, which is positioned 
over bottom semiconductor DBR stack 101, is also made of a variety of layers and is 
commonly made of aluminum gallium arsenide and gallium arsenide. On top of active 

25 region 103, is positioned top semiconductor DBR stack 102. Generally, top 

semiconductor DBR stack 102 is similar to bottom semiconductor DBR stack 101 except 
that it is oppositely doped. The active region 103 is typically designed to be X/n in 
thickness, where X is the emission wavelength and n is the material index of refraction at 
that wavelength. This equates to active region 103 being on the order of 200 nm thick 

30 (for a VCSEL that emits visible light). Because of the small thickness of the active 
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region 103, the photons do not experience significant gain as they propagate through the 
cavity. Therefore, bottom semiconductor DBR stack 101 and top semiconductor DBR 
stack 102 function to create a coherent reflection of light from the active region 103, 
thereby maintaining and even increasing light output 104 from active region 103. 

5 

The specific materials utilized and the configuration of the layers are chosen 
depending on the specific wavelength and operating parameters desired in the final 
device. 

10 FIG. 2 depicts a device 1 1 , which can be a VCSEL, in accordance with one aspect 

of the invention. The device 11 includes: substrate 12; epitaxial layers 20, which 
comprises a bottom semiconductor DBR stack 101, an active region 103, and a partial top 
semiconductor DBR stack 105; and a dielectric mirror 16\ 

15 Device 1 1 is fabricated by growing epitaxial layers 20 on substrate 12. First, the 

bottom semiconductor DBR stack 101 is grown. For example, the bottom semiconductor 
DBR stack 101 can be made of layers of aluminum gallium arsenide. Generally, the 
bottom semiconductor DBR stack 101 is doped. Active region 103, which is positioned 
on top of bottom semiconductor DBR stack 101, is also made of a variety of layers and is 

20 commonly made of aluminum gallium arsenide and gallium arsenide. On top of active 
region 103 is positioned partial top semiconductor DBR stack 105. 

Generally, partial top semiconductor DBR stack 105 is made of similar materials 
as bottom semiconductor DBR stack 101 except that it is oppositely doped. Partial top 

25 semiconductor DBR stack 105 is similar to top semiconductor DBR stack 102 of VCSEL 
100, except that it is not a complete top semiconductor DBR stack 102. A partial top 
semiconductor DBR stack as used herein means a top semiconductor DBR stack 
comprising less than the normal number of epitaxial layer pairs (e.g., from 2 to 6 layers 
compared to 30 to 40 layers). In one embodiment of the invention, the minimum number 

30 of epitaxial layers making up partial top semiconductor stack 105 is determined in part by 
the distance necessary to isolate the active region 103 from a highly doped top layer of 

6 
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partial top DBR stack 105. In this embodiment of the invention, there is a minimum of 
four individual layers in partial top DBR stack 105. Alternatively, the distance necessary 
for isolation can also be given as at least about 1500 angstroms. 

5 Dielectric mirror 16' is positioned on top of partial top semiconductor DBR stack 

105, Dielectric mirror 16 1 serves the function of the missing portion of top semiconductor 
DBR stack 102. Device 1 1 functions similarly to VCSEL 100 in that the photons are 
produced in active region 103 and are coherently reflected by bottom semiconductor 
DBR stack 101 and partial top semiconductor DBR stack 105. Dielectric mirror 16' plus 
10 partial top semiconductor DBR stack 1 05 form a complete top DBR functioning in the 
same manner as a complete top semiconductor DBR stack 102, 

Dielectric mirror 16' also functions as a guide to direct ion implantation around 
the laser area 13 (made up of a portion of substrate 12, bottom semiconductor DBR stack 
15 101, active region 103, and partial top semiconductor DBR stack 105) to form implant 
regions 15 (as shown in FIGS. 9-11). 

Device 1 1 in accordance with one aspect of the invention has a number of 
advantages that VCSEL 100 does not. The material that makes up the semiconductor 

20 DBR stacks has a high electrical resistance. The device 1 1 of the invention decreases the 
overall resistance because the current does not have to pass through a complete top 
semiconductor DBR stack. Laser threshold current is also lowered in the device of the 
invention 11, because smaller laser apertures can be utilized. Dielectric mirror 16' serves 
as an implant guide for ion implantation, and lower energy implantation can be used to 

25 implant around a smaller area without ion straggle becoming a problem. 

DEVICE 

An exemplary device 1 1 in accordance with one aspect of the invention is 
depicted in FIGs. 2 and 10. A device 1 1 in accordance with the invention includes a 
30 substrate 12, a laser area 13, a dielectric mirror 16\ and implant regions 15 (as shown in 
FIGS. 9-11). 

7 
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Laser area 13 for use in the invention is depicted in FIG. 2 and can be compared 
with FIG. 1, which depicts a fully fabricated VCSEL. The laser area 13 differs from a 
fully fabricated VCSEL in that the complete top semiconductor DBR stack 102 is not 

5 present. Generally, about 5% of a complete top semiconductor DBR stack is present in 
laser area 13 of device 11. Laser area 13 can be manufactured on substrate 12 by using 
any generally accepted method of VCSEL fabrication. Fabrication of laser area 13 
comprises the growth of epitaxial layers 20 and later ion implantation or other 
confinement technique and can be done by any generally accepted method. Exemplary 

10 methods of making laser area 13 can be extrapolated from U.S. Patent Nos. 5,475,701 
("Hibbs-Brenner") and 5,893,722 ("Hibbs-Brenner et al."). 

A device in accordance with one aspect of the invention also includes a dielectric 
mirror 16'. Dielectric mirror 16 ? serves the function of the part of the second, complete 

15 DBR stack that has not been as completely formed to the extent as in VCSEL 100 when 
compared to laser area 13 of device 1 1 . Dielectric mirror 16' is positioned only over the 
aperture of laser area 13. Dielectric mirror 16 1 can be formed by any conventional 
method as will become apparent to those skilled in the art. The material that comprises 
dielectric mirror 16' can be chosen from any commonly utilized compounds, including 

20 but not limited to, silicon dioxide (Si0 2 ), titanium dioxide (Ti0 2 ), and combinations 
thereof. 

Dielectric mirror 16' and its formation also serve as a self-aligned implant mask 
for implantation of the implant regions 15 of the device 11. This allows low energy 
25 (shallow) implantation into substrate 12, which reduces straggle and protects laser area 13 
from being damaged during implantation. Implant regions 15 can be formed by any 
conventional method and any variety of ions can be implanted, including but not limited 
to, hydrogen. 



8 
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10 



A device 1 1 in accordance with one aspect of the invention can be further 
characterized and explained by reference to a method of making the device as discussed 
below. 

PROCESSING 

FIGs. 3 through 10 represent one method of fabricating a device in accordance 
with an aspect of the invention. FIGs. 3 through 10 are sectional views, and it should, 
therefore, be appreciated that the illustrations depicted in FIGs. 3 through 10 can extend 
into and out of the drawings, thereby allowing for the depiction of arrays of the devices. 

FIG. 3 depicts a substrate 12 of device 11 with epitaxially grown layers 20 
comprising the bottom semiconductor DBR stack 101, the active region 103, and the 
partial top semiconductor DBR stack 105 (as seen in FIG. 2). 



15 Epitaxially grown layers 20 can be fabricated by modifying any generally 

accepted method of fabricating a VCSEL in accordance with the teachings of the present 
invention. As noted above, Hibbs-Brenner and Hibbs-Brenner et al. both offer examples 
of a fabrication process that could be modified. A modified process according to Hibbs- 
Brenner will be offered as an example of one method for fabricating epitaxial layers 20 in 

20 accordance with the invention although it will be apparent to those skilled in the art that 
other methods can be employed. 

Epitaxially grown layers 20 comprise bottom semiconductor DBR stack 101, 
active region 103, and partial top semiconductor DBR stack 105, seen in FIG. 4. 

25 

Referring to FIG. 4, an exemplary configuration for bottom semiconductor DBR 
stack 101, which is situated on substrate 12, comprises layers 120, 122 (preferably 
repeated, for example, a total of 25 times for a 850 nm laser) and 124. Bottom 
semiconductor DBR stack 101 begins with a 60.5 nanometer (nm) layer of Al 0 ^Ga^As 
30 material, layer 120. Situated on top of that is a 71.1 nm layer of AlAs, layer 122. The 
thickness of these layers is dictated by XI An, where X is the wavelength (850 nm) and n is 
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the index of refraction of the layer. In this instance, layers 120 and 122 are repeated 25 
times for a total of 26 alternating layers. Positioned on top of the 26 alternating layers is 
a layer of Al 0il5 Gao. 85 As, layer 124. 

5 An exemplary configuration of active region 1 03, which is situated on bottom 

semiconductor DBR stack 101, comprises layers 126, 128, 130, 128, 130, 128, and 132. 
Active region 103 can comprise an A^Ga^As layer of appropriate thickness, layer 
126. Positioned on top of layer 126 is first layer 128 of GaAs. Next is first layer 130 of 
Alo.25Gao.75As. Situated on layer 130, is second layer 128 of GaAs. Positioned on second 

10 layer 128 is second layer 130 of Al 0 25 Gao 75 As. Situated on second layer 130 is third layer 
128 of GaAs. On third layer 128 is layer 132 of Al a25 Ga 0 75 As. 

An exemplary configuration of partial top semiconductor DBR stack 105, which 
is situated on top of active region 103, can comprise repeating layers 134 and 136, layer 
15 138, and layer 140. Partial top semiconductor DBR stack 102 begins with layer 134, 
which can be an AlAs layer. Positioned on layer 134 is another Al 0 15 Ga 0-85 , layer 136. 
Layers 134 and 136 are then repeated x times for a total of x+1 alternating layers. An 
AlAs, layer 138 is then formed. Positioned on layer 138 is a layer of Al 0 15 Ga 085 As, layer 
140. 

20 

The value of x, which defines how many layers make up partial top 
semiconductor DBR stack 105 can be varied, x can have a value of from about 0 to 22 
depending on the application. Preferably, x has a value of from about 0 to 10. More 
preferably, x has a value of from about 1 to 5, e.g. 3, which would mean that partial top 
25 semiconductor DBR stack 105 could have 4 alternating layers. In embodiments 

containing a highly doped top layer of partial top DBR stack 105, partial top DBR stack 
105 comprises at least about 4 alternating layers. 

Referring to FIG. 3, the next step in a method in accordance with one aspect of the 
30 invention is the application of photoresist layer 14. Photoresist layer 14 is spun over the 
epitaxial layers 20 which are positioned on the substrate 12 of device 11. Photoresist 

10 
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layer 14 can be of any suitable material and applied by any method known to those 
skilled in the art. 

Referring to FIG, 5, the next step in a method of producing a device of the 
5 invention is patterning the photoresist layer 14. Photoresist layer 14 is patterned to form 
patterned photoresist layer 14' of device 11. Patterned photoresist layer 14' comprises 
photoresist layer 14 with the area directly above laser area 13 removed, forming aperture 
area 21 . Aperture area 21 is generally on the order of 2 to 25 \xm, preferably is from 5 to 
15 |xm, and more preferably is about 10 \xm. Patterned photoresist layer 14' can be 
10 formed from photoresist layer 14 by any method known to those skilled in the art. 

Referring to FIG. 6, the next step in a method of producing a device of the 
invention is deposition of the dielectric material. Dielectric layer 16 of device 1 1 is 
deposited across substantially the entire surface of the epitaxial layers 20, thereby 

15 contacting the patterned photoresist layer 14' and layers 20 directly above aperture area 
21. Dielectric layer 16 can be formed by any method known to those skilled in the art, 
including but not limited, to Chemical Vapor Deposition (CVD), Low Pressure Chemical 
Vapor Deposition (LPCVD), Plasma Enhanced Chemical Vapor Deposition (PECVD), or 
the like. Dielectric layer 16 can be formed from any combination of materials generally 

20 utilized as a dielectric mirror, including but not limited to, silicon dioxide (Si0 2 ), 

titanium dioxide (Ti0 2 ), silicon nitride (Si 3 N 4 ), and combinations thereof. The thickness 
of dielectric layer 16 is generally from about 3,000 to 8,000 angstroms (A), depending on 
the respective refractive indices of the mirror materials. 

25 Referring to FIG. 7, the next step in a method of producing a device of the 

invention is deposition of a liftoff material. A liftoff material is deposited over the entire 
surface of dielectric layer 16 to form liftoff layer 18 of device 11. Liftoff layer 18 can be 
deposited by any method and can be formed from any suitable material. 



11 
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Referring to FIG. 8, the subsequent step in a method of producing a device of the 
invention is removal of layers. Patterned photoresist layer 14' is entirely removed, along 
with portions of dielectric layer 16 and liftoff layer 18. After this removal, all that 
remains on substrate 12 are layers 20, a portion of dielectric layer 16 positioned directly 
5 over laser area 1 3 , called the dielectric mirror 1 6 ! , and a portion of liftoff layer 1 8 

positioned on top of dielectric mirror 16', called mirror layer. This removal step can be 
done by any method known to those skilled in the art. 

Referring to FIG. 9, the next step in a method of producing device 1 1 of the 
10 invention is ion implantation. Ion implantation into substrate 12 creates implant regions 
15 within layers 20. Ion implantation can be done by any method known to those skilled 
in the art, and any suitable ion can be implanted, including but not limited to, boron, 
indium, gallium, hydrogen, etc. Implant regions 15 are configured around aperture area 
21 and do not penetrate aperture area 21 because of dielectric mirror 16' and mirror layer 
15 18'. Generally, implant regions 15 are positioned just above the active region 103' 

(shown in FIG. 2). An example of conditions useful for implanting hydrogen ions to this 
shallow depth is at an energy of about 200 keV and a dose of 2.5x1 0 14 . As discussed 
earlier, an alternative confinement technique suitable for use in the present invention is 
disclosed in U.S. Pat. No. 5,903,588 (Guenter et al.), which is incorporated by reference 
20 thereto. 

Referring to FIG. 10, the next step in a method of producing device of the 
invention is deposition of an ohmic material on device 1 1 . An ohmic material is 
deposited across the entire upper surface of the layers 20 to form ohmic metal layer 17. 
25 Ohmic metal layer 17 can be formed by any method known to those skilled in the art and 
can be formed from any suitable metal, including but not limited to, titanium (Ti), nickel 
(Ni), gold (Au), zinc (Zn) and platinum (Pt). Preferably, gold is used and is deposited 
from about 2500 to 10,000A. More preferably, the gold is deposited at about 8000A. 

30 Referring to FIG. 1 1 , the last step in a method of producing a device of the 

invention is removal of a portion of ohmic metal layer 17. A portion of ohmic metal 

12 
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layer 17 is removed (i.e., that portion above 18'), along with mirror layer 18' from above 
dielectric mirror 16', leaving ohmic metal IT. Removal of these portions can be done by 
any method known to those skilled in the art. 

5 The embodiments and examples set forth herein are presented to best explain 

the present invention and its practical application and to thereby enable those skilled 
in the art to make and utilize the invention. Those skilled in the art, however, will 
recognize that the foregoing description and examples have been presented for the 
purpose of illustration and example only. Other variations and modifications of the 

10 present invention will be apparent to those of skill in the art, and it is the intent of the 
appended claims that such variations and modifications be covered. The description as 
set forth is not intended to be exhaustive or to limit the scope of the invention. Many 
modifications and variations are possible in light of the above teaching without 
departing from the spirit and scope of the following claims. It is contemplated that the 

15 use of the present invention can involve components having different characteristics. It 
is intended that the scope of the present invention be defined by the claims appended 
hereto, giving full cognizance to equivalents in all respects. 
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